LHC searches with τ leptons in the final state are always inclusive in missing-energy sources. A signal in the flavor-violating Higgs decay search, h → τ µ, could therefore equally well be due to a flavor conserving decay, but with an extended decay topology with additional invisible particles. We demonstrate this with the three-body decay h → τ µϕ, where ϕ is a flavorful mediator decaying to a dark-sector. This scenario can give thermal relic dark matter that carries lepton flavor charges, a realistic structure of the charged lepton masses, and explain the anomalous magnetic moment of the muon, (g − 2)µ, while simultaneously obey all indirect constraints from flavor-changing neutral currents. Another potentially observable consequence is the broadening of the collinear mass distributions in the h → τ µ searches. * iftachg@uci.edu †
I. INTRODUCTION
The quark and lepton masses in the SM are highly hierarchical, with the electron roughly ∼ 10 5 times lighter than the top quark. It is possible that this hierarchy has a dynamical origin, and is due to a breaking of a horizontal flavor symmetry [1] . Rare Higgs decays are a natural place to search for a signal of such a possibility. First of all, the Higgs Yukawa couplings are directly tied to the generation of fermion masses. Secondly, the SM Higgs decay width is small, Γ SM 4 MeV, so that even feeble couplings of new states to the Higgs can have visible effects. In the SM all the Higgs decays are flavor diagonal, with h → bb the dominant decay mode, followed by h → W W * , gg, τ τ, . . . Nontrivial flavor dynamics, accompanied by new sources of electroweak symmetry breaking, can lead to flavor violating decays such as, e.g., h → bs or h → τ µ [2, 3] . A discovery of such a decay would be a clear signal of New Physics (NP).
In this paper we explore the possibility that the dark sector is charged under the same horizontal flavor symmetry as the SM fields. If the dark sector contains states lighter than the Higgs, this can have important consequences for the Higgs phenomenology. As a concrete example consider an extra light scalar from the dark sector, ϕ, with a horizontal charge such that the higher dimensional operators
carry no flavor suppression. These operators lead to the exotic Higgs three-body decay h → τ µϕ. It is useful to compare its branching ratio with the one for the dominant Higgs decays to leptons, h → τ τ ,
where we follow the notation in Appendix A. The h → τ µϕ branching ratio can thus be comparable to the one for the two-body decay h → τ τ , if NP resides at the TeV scale. The relatively small tau Yukawa, y τ 1 · 10 −2 , gives roughly the same suppression as the combination of phase-space and Λ ∼ O(1 TeV) suppression for the three-body decay.
The complex scalar ϕ is assumed to primarily decay to a dark sector and acts as an additional source of missing-energy in the event. The h → τ µϕ decay at the LHC would then be quite effectively captured by the present experimental h → τ µ analyses, depending on the details of the analysis and the decay kinematics. As we will show below, the hints in the h → µτ searches,
CMS :
Br(h → τ µ) = (0.89 ± 0.39)% [4] , ATLAS : Br(h → τ µ) = (0.53 ± 0.51)% [5, 6] ,
could in fact be entirely due to the h → τ µϕ decays (the 13 TeV CMS measurement [7] was not yet sensitive to the above branching ratios). An interesting question is then how one can distinguish between the two-body, flavor violating, h → τ µ decays and the three-body, flavor conserving, decays h → τ µϕ. This paper is structured as follows. In Sec. II we present the flavorful portal to DM model. We briefly review the use of U(1) horizontal symmetries, and apply them to generate the appropriate flavor structure of the lepton mass matrix and the mediator couplings. In Sec. III, we perform a collider study for this model, and analyze the parameter-space of couplings and masses that can account for the observed h → τ µ CMS signal. In Sec. IV we collect the constraints on the model from low energy precision measurements, while in Sec. V we discuss the phenomenology of the flavorful dark sector. Conclusions are given in Sec. VI, while Appendix A provides further details on our calculations of flavor changing transitions.
II. FLAVORFUL PORTAL TO DARK MATTER

A. Preliminaries
We consider a model in which a dark sector interacts with the SM leptons via a complex scalar field mediator, ϕ, a singlet under the SM gauge group. The interactions of ϕ with the visible sector are given by dimension-five operators
Here H is the SM Higgs, L i , E j are the SM lepton doublets and singlets, respectively, and i, j = 1, 2, 3, the generational indices. The suppression scale, Λ, arises from integrating vector-like fermions with masses O(1 TeV). Additionally, ϕ couples to the dark sector which contains two Z 2 odd fermions, χ 1 , and χ 2 , the lightest of which is a DM candidate. The interactions of ϕ with the dark sector are given by the renormalizable operators
We pursue the idea that an underlying theory of flavor governs all the flavor dependent couplings in the model. This theory is responsible for generating the known hierarchy of lepton masses through the Yukawa matrix, Y ij ,
as well as the couplings of ϕ to leptons, c ij , c ij , and to the dark sector, g
We are interested in a flavorful dark sector [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] where both the mediator, ϕ, as well as the DM fields, χ 1,2 , carry nonzero flavor charges. Phenomenologically very interesting is the situation where flavor dynamics generates a single dominant off-diagonal coupling in the c ij , c ij matrices, while all the others are suppressed. We will be interested in the case where DM is lighter than the mediator, m ϕ > m χ 1 , so that the mediator can decay into the dark sector. We base our discussion on a concrete realization using the Froggatt-Nielsen construction [1] , though our main conclusions are more general.
Recently, a similar construction, but with m χ > m ϕ , was proposed in [27] . In this scenario dark matter annihilates into on-shell mediators which subsequently decay to opposite-charge different-flavor pairs of leptons. Such annihilations can account for the excess observed by the FERMI-LAT collaboration in the spectrum of gamma-rays from the galactic center [28] . They result in a softer e ± energy spectrum then one obtains for flavor conserving interactions, and thus avoid the AMS-02 bounds [29] .
A crucial assumption in these models is that in the lepton mass basis Eq. (4) contains only a single dominant mediator coupling, c ij or c ij , with all the other couplings suppressed. In addition, the scalar potential for ϕ is assumed to only contain terms proportional to |ϕ| 2 . The single non-negligible coupling breaks the lepton number symmetry U (1) i ⊗ U (1) j down to a U (1) i−j , under which ϕ has a charge of 2. This residual symmetry is only approximate. However, its breaking is small, so that the flavor structure is stable under the renormalization group. As a result, the model does not lead to hazardously large Lepton Flavor Violating (LFV) transitions.
B. The Froggatt-Nielsen Mechanism and Higher-Dimensional Operators
In the Froggatt-Nielsen mechanism the fermion mass hierarchy and mixings are generated from broken U (1) flavor symmetries, such that the entries of the fermion mass matrix correspond to higher-dimension operators. The smaller an entry is, the larger is the dimension of its corresponding operator.
In the phenomenologically realistic example we will use a flavor symmetry that is a product of two U (1)'s, U (1) A × U (1) B . As a warm-up, however, we review the FroggattNielsen mechanism for a single U (1). In that case the SM charged lepton Yukawa couplings Y ij , Eq. (6), arise from
Here α ij ∼ O(1) are flavor anarchic complex coefficients, S is a scalar field with flavor U (1)
Q is the sum of the flavor symmetry charges. Whether S or S * appear in (7) depends on the sign of n Y ij . The mass scale M is associated with heavy fermions that were integrated out and roughly coincide with the scale at which flavor is broken by the vev of S,
The value of λ is chosen to be close in size to the Cabibbo angle in order to reproduce the CKM matrix in the quark sector. The SM Yukawa for the charged leptons are thus given by
The flavor structures of c ij and c ij in (4) are generated in a similar way from
where β ij ∼ β ij ∼ O(1) are unknown coefficients, and n c(c ) ij
Q . For simplicity we take Λ M , but in general Λ and M are unrelated. After S obtains a vev and breaks the flavor symmetry Eq. (10) gives
Here the similarity sign denotes equality up to O(1) coefficients. The couplings of ϕ to dark sector fields, g L,R ab , are generated in an analogous way,
where
The above results are easily generalized to the case of more than one U (1) flavor symmetry. We find that a phenomenologically viable description is obtained for a product of two U (1) factors, U (1) A × U (1) B . Each is broken by a corresponding complex scalar field S A,B with the flavor charges
. For simplicity we take the vevs of S A and S B to be equal, as we do for the related mass scales M A,B , so that
The results for the Y ij , c ( ) ij , and g L,R
ab flavor structures are obtained from (9), (11), (12) by simply exchanging
where n A ij and n B ij are the corresponding sums of charges for U (1) A and U (1) B , respectively.
C. A Concrete Realization
As a concrete realization of a U (1) A × U (1) B flavor model we choose the following charge assignments for the SM leptons and the scalar field ϕ,
The flavor dependent couplings then have the following patterns,
These are consistent with the lepton mass eigenvalues
obtained by diagonalizing the charged lepton mass matrix with the left-and right-rotation matrices that scale as
1 The charge assignment of any field ψ under
Note that the charge assignments in Eq. (15) are large in order to get the ∼ λ 8 suppression of the electron mass. Smaller flavor charges are possible in a two-Higgs doublet model, if m e , m µ masses do not come predominantly from the SM Higgs vev, but rather from a small vev of the heavier Higgs [2] . We do not pursue this possibility further.
Generating the flavor structure using two U (1)s is advantageous since c can be chosen to be aligned with the lepton mass basis. Indeed, Eq. (18) shows that the rotations of Y to the lepton mass basis are highly suppressed, and as a result, do not induce large couplings in c, c , other than the single dominant one. Rotating to the mass, basis, the couplings read
Below, we will discuss the viability of Eq. (16) with respect to flavor observables, showing that one avoids all present constraints. The phenomenology also crucially depends on the flavor structure of the dark sector.
for the charge assignment of ϕ in (15) . We see that the ϕ coupling to the dark sector is maximally flavor violating with ϕ coupling toχ 1 χ 2 much larger than the remaining couplings, while the DM mass matrix is already almost completely diagonal in the basis of (20) . The two dominant ϕ decay modes are thus ϕ →χ 1 χ 2 and ϕ →τ R µ L with the corresponding branching ratios given by
neglecting the masses of final state particles. For c 23 ∼ g
, and Λ ∼ O(TeV), the mediator ϕ primarily decays to the dark sector. The production of ϕ then leads primarily to missing-energy signatures. We explore this scenario in the next section and show its consequences for the LHC searches. In the opposite limit, c 23 g
, the ϕ →τ µ decay mode can be the dominant decay mode. More precisely, this occurs if
1. In that case, the ϕ → τμ decay mode dominates, resulting in a new exotic Higgs decay signature h → τ + τ − µ + µ − where one opposite charge τ µ pair comes from the decay of an intermediate ϕ particle.
The large flavor charge of ϕ also implies that the terms in the scalar potential V (H, ϕ, ϕ * ) that have an odd number of ϕ, ϕ * fields are suppressed by the flavor symmetry. In this work we assume that ϕ does not obtain a vev. The terms leading to h − ϕ or h − ϕ * mixing are then suppressed by flavor symmetry and can be neglected in our analysis. The terms with no net flavor charges, such as the quartic terms |ϕ| 4 and |H| 2 |ϕ| 2 , are expected to have O(1) couplings. The flavor violating couplings such as ϕϕ are suppressed, in our case by λ 18 . This means that the ϕ field leads to two, almost degenerate mass eigenstates, ϕ 1,2 , with relative mass splitting of O(λ 18 ). The |H| 2 |ϕ| 2 term leads to the h → ϕϕ * decay after electroweak symmetry breaking, see ratio [30, 31] . If the dominant decay of ϕ is the ϕ →τ µ channel, then the h → ϕϕ * decay leads to the h → (τ + µ − )(τ − µ + ) signature, where each of the τ µ pairs originates from the ϕ resonance. In this scenario the h → 2τ 2µ decay would thus have both the di-resonance and the three-body (single ϕ resonance) contributions. Such exotic decays can be searched for by a modification of the flavor conserving di-resonance searches [32] .
One could relax our assumption that ϕ has a vanishing vev. In that case (4) would contribute to the lepton mass matrix. In the limit when this is the dominant contribution to the lepton masses, both the Higgs Yukawa couplings as well as the Higgs couplings to ϕ and leptons are governed by the same matrix. They are both diagonal in the charged lepton mass basis, while the Yukawa couplings are proportional to the charge lepton masses, as in the SM. More interesting is the case where (4) and (6) both give comparable contributions to the charged lepton mass matrix. In this case one would also need to include h − ϕ mixing. To simplify our analysis we do not pursue this possibility further.
In the remainder of the paper we assume that g L,R ab are given by Eq. (20) , and that ϕ → invisible is the dominant decay mode. The h → τ µϕ thus appears in the detector as the h → τ µ decays with an additional missing-energy source. In the next section we explore whether or not such a decay could mimic in the experimental analysis the two-body h → τ µ decay, i.e., the decay with the same visible final state particles but without the additional missing-energy source.
III. COLLIDER STUDY
We study the acceptance of the h → τ µ CMS search [4] to the h → τ µ(ϕ → invisible) signal predicted in the model of Section II C. We implement the model in FeynRules [33] and export it to MadGraph5 aMC@NLO [34] in the UFO format [35] . Using MadGraph we generate the Higgs production through Gluon Gluon Fusion (GGF) [36] and through the Vector Boson Fusion (VBF) 2 , as well as the subsequent h → τ µϕ decay. Tau decays are simulated using TAUOLA [38] [39] [40] , while for parton-showering and hadronization we used Pythia 6 [41] . Detector simulation is performed using Delphes 3 [42] with an internally implemented antik T jet algorithm [43] applying the FastJet [44] package. We analyze the generated events in ROOT [45] , implementing the cut-flow of the CMS analysis [4] .
A similar recast of the ATLAS analyses [5, 6] would be more involved because of the use of "Missing Mass Calculator" (MMC), a log-likelihood based method for the reconstruction of taus in a hadron collider [46] . In the future it would be interesting to explore to what extent the MMC reduces the search acceptance to the invisible ϕ in the decay, and whether the h → τ µϕ topology could explain the lack of signal in ATLAS. In the leptonic channels ATLAS relies on the muon-electron momentum asymmetry of the h → µτ e decay. While the muon and the tau share the Higgs momentum quite evenly, the electron shares the tau energy with neutrinos, and is therefore softer than the muon. In contrast, the SM background sources are highly symmetric under electron-muon exchange. The search, therefore applies a cut-flow which targets the two-body decay characteristics, and requires a muon of higher p T than the electron. Such a strategy, nonetheless, reduces the sensitivity to the h → τ µϕ signal in which the τ -µ pair is apriori not symmetric, because energy is also carried by ϕ, and the decay products are angularly denser than in a two-body decay.
A. Analysis Results
The CMS analysis [4] divides signal into six categories; the events with hadronic taus, τ h , and the events with taus decaying to electrons, τ e , each of which are further split according to the number of hard jets in the event, N Jets = 0, 1, 2. After the cut flow in each signal category the Signal Region (SR) is defined by
where m
is the invariant mass of the τ µ pair in the "collinear approximation" [47] . In this approximation the net three momenta of invisible and visible final state particles in the τ decay are assumed to be aligned. The collinear approximation works well when the τ is highly boosted, see [46, 48] for a more detailed discussion. The collinear invariant mass is given by
where p µ is the muon four momentum, and p (vis) τ the four momentum of visible decay products, i.e., the electron momentum for τ e and the momentum of τ -tagged jet for τ h . The proxy for the total neutrino four momentum, p ν s , is constructed by promoting the missing-energy transverse 2-vector, / E T , to a massless 4-vector using
Herep τ (vis) is the unit 3-vector in the direction of visible τ decay products. Notably, this construction suggests that the search is inclusive in all missing-energy sources, including, but not restricting to, the neutrino decay products of the τ . For h → τ µϕ decays we examine four benchmark ϕ masses, m ϕ = 5, 10, 15, 20 GeV, and compare the event yields to the CMS results. We normalize our results in the GGF and the VBF channels to the LHC Higgs working group production cross-section at 8 TeV, i.e., to σ(gg → h) GGF | j=0,1,2 = 19.27 pb, and to the NNLO QCD+NLO EW prediction σ(pp → hjj) VBF = 1.6 pb [49] , respectively. We perform a simultaneous fit to the signal event yields in all six signal regions, using the reported CMS yields and errors. As a consistency [GeV] check we also include the two-body h → µτ decay topology. Assuming the h → τ µ decay, the CMS collaboration obtained the best fit value for the corresponding Yukawa coupling Y τ µ = (3.7 ± 0.8) · 10 −3 (setting the Yukawa for the other chirality structure to zero). This is in reasonable agreement with the best fit value from our recast, Y τ µ = 2.4 · 10 −3 , giving credence to our analysis.
In Table I From Table I we see that a three-body decay h → τ µϕ requires a factor of a few larger branching ratios to describe the data well than does the two-body h → τ µ decay. The reason is that the CMS search was optimized for a two-body decay, and thus only a subset of h → τ µϕ decays pass the cut-flow, resulting in a decreased signal acceptance. In particular, a three-body decay is much denser, and the particles are softer than in the two-body case. We show this in Fig. 2 where we plot the muon p T distributions of the simulated models, and compare the spectrum of the h → τ µ decay to the the h → τ µϕ ones. Indeed, muons are . Left: Signal categories for the τ e case, top to bottom: 0, 1, 2-jets. Right: Signal categories for the τ h case, top to bottom: 0, 1, 2-jets. The black line denotes the normalized distribution for the h → τ µ decay, while the other curves denote the h → τ µϕ decay benchmarks. The color coding is as in Fig. 2. harder in the former case, and soften with increasing ϕ mass. More importantly, while the τ has a roughly identical p T -spectrum, for a given muon p T , the τ p T is softer in the threebody case, and decreases as m ϕ grows. The acceptance thus decreases with m ϕ , requiring increasing branching fractions to account for the observed result.
To explain the CMS excess one requires c 23 ∼ O(1) for electroweak scale Λ ∼ O(TeV), in agreement with the expectations from our flavor model in Section II C. Note that the inclusion of non-zero c 32 , c 23 , or c 32 would give identical collider phenomenology and only result in a trivial rescaling of the coupling constants. , for all the benchmark ϕ masses in each of the six signal categories. These should be compared with the generated h → τ µ normalized distribution, denoted by the black line. We see that the larger missing-energy available in h → τ µϕ decays results in wider m (Coll) τ µ distributions. While the h → τ µ collinear mass distribution is centered around the value of the Higgs mass, m h = 125 GeV, the h → τ µϕ distributions are significantly shifted, and centered at a value well below m h . Since the h → τ µϕ distributions are wide, they still contribute substantially in the signal region, 100 GeV ≤ m (Coll) τ µ ≤ 150 GeV. Fig. 2 also demonstrates that the p T distributions of the two decay topologies are well separated, and could potentially be distinguished in a future experimental analysis.
Finally, we remark that the wide h → τ µϕ signatures could potentially leak into the signal regions in Z → τ µ searches. The present Z → τ µ ATLAS search [6] has reduced sensitivity to these types of decays, though, as it only targets Z → τ h µ, while employing the MMC method.
IV. FLAVOR OBSERVABLES
The flavor structure of the model in Section II C has an almost exact U (1) µ−τ × U (1) e symmetry. Under U (1) µ−τ the fields in the mass eigenbasis carry charges [ The U (1) µ−τ × U (1) e symmetry, if exact, would forbid the flavor changing transitions that do not have ϕ in the final state. In that case h → τ µϕ is allowed, while j → i γ decay, j → i conversions, and j → i k m decays are forbidden. The U (1) µ−τ × U (1) e symmetry is broken by small nonzero entries in c and c matrices, which induce at one loop level the j → i γ decays and j → i conversions, and from tree level exchange of ϕ the j → i k m decays. While the neutrino sector explicitly breaks the U (1) µ−τ × U (1) e symmetry, its effects are suppressed by the tiny neutrino masses. For leptonic decay purposes, neutrinos effectively carry the same U (1) µ−τ × U (1) e charge as their corresponding leptons, and the five-body decays j → i¯ m m ν jνi are therefore allowed. The symmetry breaking effects from c and c may contribute to these processes, and also allow for a more general flavor structure in these decays.
The diagram that mediates τ → µγ, τ → eγ and µ → eγ decays is shown in Fig. 5 . Note that the 2-loop Barr-Zee type diagrams, which in many cases give leading contributions, are always smaller for the flavor structures (19) . The τ → µγ decay is described by an effective Lagrangian
and with obvious replacements for τ → eγ and µ → eγ decays. For the flavor textures in (19) the dipole coefficients are dominated by
where r j = m j /m ϕ , and we have approximated the loop functions in the limit m µ,e m τ m ϕ , keeping only the leading contributions. The complete expression for the dipole coefficients c L and c R , the full loop-functions, as well as their approximate forms, are collected in Appendix A.
The resulting decay widths are
Numerically, this gives
Br(τ → eγ) ∼ 1. 
factoring out the dependence on Λ and m ϕ , R Λ,mϕ ≡ 1 TeV/Λ 4 15 GeV/m ϕ 4 . Above we used the scaling for c ij , c ij from (19) , and evaluated the branching fractions using the full expressions for the loop functions in Appendix A. These branching ratios are well below present experimental bounds, see Table II for a comparison. A number of three-body flavor violating decays of charged leptons can be mediated by both the dipole operator and the tree level exchange of ϕ. The three-body decays τ → µµµ τ − → e − µ + µ − receive the dominant contribution from a tree level ϕ exchange, while the decays, µ → eee, τ → eee, are dominated by the dipole contributions. The decay τ − → µ − e + e − is a special case for which the dipole and tree-level contributions are comparable, and interference should be taken into account. The decays τ − → e + µ − µ − and τ − → µ + e − e − only receive tree level ϕ exchange contributions. The numerical values for the branching ratios are given in Table II , with further details relegated to Appendix A. All of the decays are well below the present experimental bounds. Another potentially interesting bound is due to µ → e conversion. At present the most stringent is the µ → e conversion in gold, which is experimentally bounded to be Γ(µ → e) Au /Γ capture Au < 7 · 10 −13 at 90% CL [50] . In our case the µ → e conversion is dominated by the dipole contributions, giving
where the nuclear matrix element is D = 0.189m 
We also estimated the contributions from our model to the three five-body lepton decays with measured branching ratios, Br (µ
e ν τ ) = (2.8 ± 1.5) × 10 −5 , and Br (τ − → µ − e − e +ν µ ν τ ) < 3.6 × 10 −5 [53] . The neutrinos in the final state appear as missing-energy in the detector. The transitions of the type j → j
− iχ χ could thus contribute to the observed rates of the above five-body decays. However, since we take m ϕ,χ > m τ − m µ such decays are kinematically forbidden. In our model the j → 3 2ν decays therefore receive corrections only through off-shell ϕ contributions which are always orders of magnitude below the SM predictions for these tree level charged current decays.
It is quite interesting that the flavor violating interactions of ϕ can explain the discrepancy between measurement and SM prediction for the anomalous magnetic dipole moment of the muon, a µ = (g − 2) µ , [54, 55] 
at 95% CL. In Fig. 4 we show the parameter-space region in the c µτ − m ϕ plane which is consistent with the anomaly. We overlay the relevant region with contours of the h → τ µϕ branching fraction. These are consistent with the results of the collider study (up to its embedded uncertainties), and indicate that c µτ ∼ O(1) would be consistent with the observed h → τ µϕ. Evidently, both phenomena could be explained in the same region of parameter-space. The two dominant contributions to ∆a µ (see (A16)) are the scalar and pseudoscalar pieces, proportional to |c 23 | 2 ∼ 1, and to 2Re(c * 32 c 23 ) ∼ 2λ 4 respectively. The coupling suppression in the latter is, however, compensated by a m τ /m µ enhancement and a larger integral such that the two contributions are comparable. The relative sign of the two contributions then determines whether they add constructively or destructively in ∆a µ . This is clearly seen in Fig. 4 where the constructive case (orange region) requires a smaller c 23 than the destructive case (brown region).
In addition, the two-body decay τ → µχχ, if kinematically allowed, would significantly change the branching ratio and the spectrum of the 3-body τ → µν k ν j decays. This puts a constraint on the DM mass such that 2m χ > m τ − m µ . We collect the relevant constraints on lepton flavor violating observables in Table II. Several other Z pole measurements, while in principle sensitive to the ϕ couplings, turn out to be negligible or not relevant. The tree level Z → µ ± τ ∓ ϕ/ϕ * decays could potentially be captured by the LEP searches for the
} for m ϕ = {5, 10, 15, 20} GeV, respectively, mostly well below even the strictest bound, Br(Z → µ ± τ ∓ ) < 1.2 × 10 −5 [56] . Furthermore, the Z → µ ± τ ∓ searches at LEP enforced an isolation requirement of back-to-back leptons which dramatically reduces the acceptance to the three-body decay. These searches thus do not constrain our model.
The Z¯ interactions get modified at 1-loop by ϕ exchanges in the vertex corrections, leading to potentially relevant universality violations in Z → decays, and to LFV Zdecays. However, these contributions are UV sensitive. The counterterm that cancels the divergence requires a dimension 6 operator in the EFT whose coefficient is otherwise not fixed.
3 Setting it to zero gives the shifts in g Rτ and g Lµ couplings to be ∆g Rτ ≈ −0.8∆g Lµ ≈ a μ e x p l a i n e d |c 23 | 2 10 −4 , below the sensitivity of universality measurements at LEP and SLD [57] (see also [58] ).
At 1-loop one also generates the Z → ϕϕ ( * ) decay that contribute to Z → invisible. However, the induced Z → ϕϕ ( * ) coupling, g Zϕϕ ( * ) ∼ (v/4πΛ) 2 g Zνν ∼ 10 −3 g Zνν , is much too small to make a noticeable effect on Br(Z → invisible) = (20.00 ± 0.06)% [59] .
V. DARK MATTER PHENOMENOLOGY
The flavorful DM sector introduced in Section II also has interesting phenomenology. We point out several salient features of the model, while leaving the details for future work. The two DM states χ 1 , χ 2 have the largest annihilation cross section forχ 1 χ 2 → τ + µ − process because of the large off-diagonal couplings, g L,R
12 . Taking m χ 1 m χ 2 ≡ m χ , and m χ m ϕ the annihilation cross section for non-relativistic χ 1,2 is given by
where in the last line we set the couplings to 1. The region of parameter space that leads to a sizable h → τ µϕ decay, can thus also have the lightest of the two χ 1,2 a thermal relic, which requires the annihilation cross section of σ ann v ∼ 2.2 · 10 −26 cm 3 /s. The χ 1,2 are kept in thermal equilibrium through flavorful annihilation,χ 1 χ 2 → τ µ. 
Br(τ
Muon g − 2 ∆a µ 288(80) × 10 −11 [54] 4.3 × 10 density is obtained with the flavor ansatz (19) , (20) for m ϕ ∼ O(10 GeV), and with DM mass m χ m ϕ (the DM mass needs to be large enough, m χ > (m τ + m µ )/2 that the τ µ annihilation channel is still open). If χ 1 and χ 2 are exactly degenerate then both states are stable and constitute DM. In general this will not be the case and the heavier state will decay. If the χ 2 → χ 1 µ + µ − decay channel is open, the decay will occur well before Big Bang Nucleosynthesis with the typical decay time in milliseconds. If only χ 2 → χ 1 µ + e − , or χ 2 → χ 1 e + e − , χ 2 → χ 1 γ are open, however, one may run into cosmological constraints. DM scattering on nuclei is generated only at three loop order, from the two-loop matching onto the Rayleigh operators of the typeχχF µν F µν . Direct detection bounds are thus well below present constraints. The indirect detection signal is larger. For heavy enough DM the dominant annihilation channel would again beχ 1 χ 2 → τ + µ − . A thermal relic DM annihilating exclusively to a τ + τ − final state is excluded from stacked dwarf spheroidal limits on gamma ray flux measurements by Fermi-LAT if it has mass below m χ 70 GeV [64] . If the annihilation is to µ + µ − , the limits is m χ 10 GeV [65] . Forχ 1 χ 2 → τ + µ − the limit lies between the two extremes, where the precise value would require a dedicated analysis. The limit disappears, however, if DM is asymmetric, where theχ 1 χ 2 → τ + µ − process merely annihilates efficiently away the symmetric part of DM density. The above discussion changes, if one modifies the charge assignments for χ 1,2 . For instance, one could entertain different flavor charge assignment for left-and right-handed components of χ 1,2 , just as we have for the SM fields. It is then easy to arrange that the lightest state has large couplings to ϕ, for instance by setting
VI. CONCLUSIONS
The flavor violating Higgs decays such as h → τ µ can be mimicked by three-body decays of the form h → τ µϕ, where ϕ escapes detection and exhibits itself as an additional missingenergy. Both, h → τ µ and h → τ µϕ decays, if discovered, would imply the existence of New Physics. The h → τ µϕ can dominate over h → τ µ, if ϕ carries a flavor charge, so that the h → τ µϕ decay is not flavor violating. This is in contrast to h → τ µ decay, which is always suppressed by a small flavor violating coupling.
In this paper we explored such a scenario where ϕ is a portal to the dark sector. In our example both ϕ and the dark matter candidates carry flavor charges. The h → τ µϕ decay leads to a wider distribution in the collinear τ µ mass, compared to the two-body h → τ µ decay. The two distributions are indistinguishable with present accuracy of the LHC data, if ϕ is light, below about O(20 GeV). This can be improved with the LHC data at 13 TeV, potentially distinguishing the two scenarios. In our framework ϕ couples to dark matter states with O(1) couplings, so that the dark matter candidate can be a thermal relic.
As a concrete example we used a U (1) × U (1) Frogatt-Nielsen flavor model and showed that there is a natural assignment of flavor charges that leads to phenomenologically acceptable range of charged lepton masses, while at the same time accounting for both the muon anomalous magnetic moment anomaly as well as the slight h → τ µ excess. The relevant region of parameter-space could be readily probed in future searches in the 13 TeV dataset. The predicted rates for flavor violating processes are below present experimental bounds with the exception of the five-body lepton decays which saturate the current limits.
In the present work we refrained from modeling the neutrino mass matrix. A flavor pattern in agreement with observations can be achieved from the dimension 5 (L i H)(L j H) operator. One option is a slight modification of our flavor charge assignments, that corresponds to charging the Higgs under the flavor symmetry. This would still require an additional source of electroweak symmetry breaking contributing to the ν 3 ν 3 entry of the mass matrix, in order to get the correct pattern of neutrino masses and mixings. We suspect that other options are possible and leave the details for future study. One loop ϕ exchange induces the j → k γ transitions, see Fig. 5 , described by the dipole operators,
The two Wilson coefficients are given by [66] 
where the loop functions are 
where r j = m j /m ϕ . In terms of (A6), (A7) the j → k γ partial decay width is given by
where in the last equality we assumed m k m j .
If the j → k¯ k k is dominated by the dipole contribution the partial decay widths are given by [66] 
Γ(
where we used that m j m k and kept only the leading terms from the phase space integral.
The anomalous magnetic moment we express as 
Finally, we give expressions for the Higgs partial decay widths. The Lagrangian terms in (4) and (6) give after electroweak symmetry breaking
The partial width for the two-body decay h → τ µ in the limit m h m τ , m µ is given by
